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of lead in blood after the end of occupational exposure
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SC' . SKERFVING S. RANSTAM J. CHRISTOFFERSSON J-O. Kinetics of lead in blood a l t e r
ini- end of occupational exposure. Scant/ J Work Environ Health 13 (1987) 221—231. The sum of two
tvpoiteniial functions was Tilted 10 the decay of blood lead (PbD) level after the end of lead exposure.
jor two subjects who had not formerly been occupationally exposed to lead but who had been exposed
IP a single short heavy dose, the fast compartment (probably soft tissues) had a biological half-time of
'• and 44 d, respectively. For 20 lead workers after the end of occupational exposure, the corresponding
jncdian was 11 (range 7—63) d. For 21 ex-lead workers, (he median biological ha l f - t ime of the slow com-
partmeni was 5.6 (range 2.3 — 27) years. There was significant interindividual variation in both the fast
and the slow half-lime This finding probably means a considerable variation in risk at a certain exposure
U-\cl. In the lend workers, the PbD fraction corresponding to Ihe slow compartment had a median as
high as 1.8 (range 0.7— 2.7) pmol/t. which constituted more than half of the total PbB. This fraction
«as associated with exposure history, and with the lead level in the skeleton, the latter determined in vivo
by an X-ray lluorcsccncc method. The data thus indicate a rather rapid turnover of the skeletal lead pool,
a phenomenon which may affect the PbB level considerably.
;U'v' terms: hnlf-timc, metabolic model, iwo-compartmenl model.

• {xposure is common in industry. The blood lead
-a i lcNcl is the main parameter used for the bio-
,,j] monitoring of lead exposure (74). However.
•,teJ« on lne kinetics of PbB is incomplete, as U
Tjtding the metabolism of lead in the other tis-

•• ihe body (74), which is u phenomenon thai PbB
. mirror.

• '.he present article we report a study of the decay
k - t rn of lead in the blood of lead-exposed subjects
.- the end of exposure. This decay pattern could
£:crprctcd by a metabolic model.

and methods
jxrfJ and sampling
-< first group to be studied was 23 male ex-lead work-
. uible I). Their mean age was 55 years and their
«a exposure time was 23 years. The PbB was usually
r.-tmineu1 at the end of exposure and then at varying
itnals'. For ten subjects PbB was determined once,
acre often, a year. For one worker (number 101),

.' information was available concerning the first year
•n the end of exposure. For 12 subjects (numbers
M—115), several determinations were made during
x firvt year, then at year seven, and then again from
or nine on about twice a year. For one subject (num-
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bcr 102) there was a lack of data between 3.5 and 9.6
years after the end of exposure.

In addition 17 male lead workers temporarily re-
moved from exposure were investigated (table 2). Their
mean age was 49 years, and their mean exposure time
was 11 years. The reason for removal from exposure
was high PbB levels (generally about 3.0 fimol/l or
more). Twelve of the workers were transferred from
a smeltery to a nearby plant, the work in which did
not involve lead exposure. The PbB level was gener-
ally determined when the workers left the smeltery and
then once a week for three weeks: later PbB measure-
ments were made once every two to four weeks.

Furthermore, two male volunteers, who had been
unexposed occupationally, but who had been exposed
to a single short heavy lead dose, were included (table
2). Details on these two subjects have been published
elsewhere (56).

Spot determinations of "background" PbB levels
were made for 47 healthy workers not occupationally
exposed to lead. They lived in the same county as the
exposed subjects and were all blue-collar workers.
Their average PbB level was 0.3 pmol/l. In this con-
nection, it may be mentioned that, for 15 workers in
a glue production plant located close to the nonlead
resort of the temporarily removed smeltery workers,
the average PbB level was 0.5 (range 0.3—0.7) junol/l.

Medical examinations
For most of the subjects, an occupational and medi-
cal history, including alcohol habits, was obtained. Ve-
nous blood samples were analyzed for lead (see the sec-
tion Blood Lead Determinations), hemoglobin, sedi-
mentation rate; red and white cell counts; calcium.
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phosphate, and crcatinine concentrations; and a lka l ine
phosphaiase and gamma g l u t a m y l transferase ac t iv i -
ties in serum. A u r ine sample was analyzed for a lbu-
min and glucose.

Among the ex-lead workers, detailed medical infor-
mation was lacking for four. Among the 19 remaining,
12 had earlier been removed (at least once) temporarily
from lead exposure because of a high PbB level and/or
a high dclta-aminolevulinic acid level in the urine. One
subject was clinically diagnosed as lead poisoned
(upper abdominal pain, constipation, neuropathy, and
slight anemia) at the t ime when his exposure ended.
No one else had been treated in a hospital because of
lead poisoning. One worker had a clinically silent
chronic lymphatic leukemia, and one had a type 2
diabetes treated with diet only. Three persons had slight
increases in the i r scrum crcat inine levels, and two
others showed slight a lbuminur i a . Three subjects had
somewhat increased gamma glutamyl transfcrase
activities, in their serum, two of whom were known
to abuse alcohol.

Among the 17 temporarily removed lead workers ,
detailed medical information was available for 14.
Among these 14, seven had earlier been removed be-
cause of a high PbB level and/or a high delta-
aminolevulinic acid level in their urine. None had been
treated with drugs because of lead poisoning. Three
subjects had sl ightly increased gamma glutamyl trans-
ferasc activities in the i r serum, one of whom also had
an increased alkaline phosphatase activity in his serum.
One person had an isolated marginal increase in
alkaline phosphatase ac t iv i ty in his serum.

The two subjects wi thout previous occupational lead
exposure were both in excellent heal th .

Blood lead determinations
Blood was obtained from the cub i t a l vein. During the
first years of the study, acid-washed heparini/cd sam-
pling tubes were prepared at our laboratory. Later on,
evacuated, metal-free Vaculaincr® tubes were used.

Almost all of the PbB determinations were made in
the same laboratory and by the same method. The
samples w«re wet -ashed, and lead was complcxed w i t h
dithizonc, extracted, and determined by flame atomic
absorption spectrometry (AAS) (55, 56). The detec-
tion limit was 0.05 ^mol/1 (10 ng/\).

Each analytical scries contained six samples, two
blanks containing reagents on ly , and four "normal"
blood samples (two of them w i t h standard lead addi-
tion). All the samples were analyzed twice. The coef-
ficient of variation calculated from duplicate analyses
of 25 samples containing 0.5 ^mol/l or less was
6.6 "fa of the mean, for 57 samples containing 0.5—1
^mol/1 it was 3.9 %, for 58 samples containing 1—2
>»mol/l it was 2.5 %, and for 60 samples containing
2—3.5 /imol/l it was 2.0 %.

The accuracy was tested twice each year in a Nordic
interlaboratory calibration program with 6 — 19 (mean
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12) accepted laboratories part icipating on
sion. The regression function of our results (Y.
on the average result of the other laboratories (X)t
Y= 1.008X -0.052. Our results for the 115 u~
(range 0.2— 5 .6 ^mol/l) averaged 96.3 % of thf e»-.
(range 80— 1 12 <?o; 62 % within 95—105 %) of theot
laboratories. Furthermore, we participated in ihti
External Qual i ty Assessment Scheme during the it
part of the s tudy. In the 29 samples analyzed, ou
suits by single analysis averaged 99 % of the mcanC
/imol/l) (range 90—115 "/a; 72 % w i th in 95-1W
of the about 90 part icipating laboratories. X«<
q u a l i t y control scries displayed any time trend

During the f i r s t year of observation of
104—1 15, the first three years of subject 102, aaj;
six first years of subject 1 16, PbB was determined
a colorimctric method af ter extraction wi th dithur
in chloroform. The detection l imi t was about I
ftmol/1. The results obtained by the colorimctric or
od averaged 105 (SD 6) "!o in the concent ration IK
0.3—1.9 jimol/1 and 100 (SD 5) 1i in t h e m
2.0—5.4 ^mol/l of results obtained with the n»
AAS method. \

From subject 116, for the following four >w |
determinations were made by flame AAS after F*
pitalion of proteins wi th trichloroacetic acid ("I J \
detection l i m i t was 0.2 ^mol / l , and the meihoJr"
about 10 "In.

Mathematical analysis
Three models corresponding to the sum of one. (••
and three exponentials were considered for the F"
decay curves of each individual worker. A ('*•"•
"background" va lue of 0.3 ^raol/l was used f* '
the subjects and each model. The nonlinear rcjicw1

procedure in the statist ical package BMDP (•" **
used. This program produces estimates of then1'*
eters which minimize the unweighted residual M*3-
squares using a modified Gauss-Newton alt1""-^
Minimum and maximum values can be specific
each parameter. Thus two parameters and their J'!1*
totic standard deviation were estimated: an elim* *
rate ( t ransformed and quoted as half-tin'c T- ' . ' ^
T'/!(2), and T'/:(3)] and the concentration cofrrjv*
ing to each compartment (Y(l). Y(2), and V())!-f'^
fidence intervals were estimated on the assuror**
asymptotic normality of the estimates. The I" °''
three models was judged from comparison of ti*
tion of total variance in the PbB values W"'" ^
(R2 «7«). In addition plots of residuals «r*uV^
were used for checks of the validity of the im"'1"
the accuracy of the ind iv idua l curve fit t ing'1-

To describe accumulation, a function ol lhf '
Y(t) = A| 1 -e.xp< - B x t)|. where A is a scale <•*"*•*'
B an elimination constant, and t time, «'.it i|ll<v

the data by use of the nonlinear regression pri**1'
in BMDP (21).

••oil-
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l ^d levels w e r e d e t e r m i n e d in v i v o f i o m (he
, 'v p h a l a n x of the le l ' i f o r e f inge r of 37 subjec ts by
. , ,\ fluorescence mell iod, as described earlier (16).

^ lect ion l i i n i i was 20 /ig/g, and the method er-
IHHII 15 °'0- Readings below the detection l imi t
^siiincd a \ a l u c of I 0^g /g in the calculations.

ciost cases, levels derived e i ther at duplicate
.ur t ' i i ients ( I d ) or calculated from a scries of

. n r c i i K - n t s ( 1 5 ) were employed.

w/l<//'«
cncra l , nonparametr ic tests were employed. For

viitions the Spearman's rank correlation (rs) was
,j and for comparisons of duplicate measurements

'~ihc *a|lic i nd iv idua l the Wilcoxon's matched-pairs
.lcj.,ign test was used. Comparisons between groups

^.f made by the Mann-Whi tney U-tcst. In a few in-
i*xs. a single or mul t ip l e l inear regression analysis

l f l nude. For establishing in tc r ind iv idua l variations,
.-vmial tests were employed. When more than one
<^r\.nion series was available for a par t icular in-
.,jual, the value corresponding to the calculations
, .*. ihc best fit (R!) of the compartment analysis was
.-J. All P-values are two-tailed. "Statistically sig-

'.'xtM" denotes P<0.05.

(Hulls

f decline rate of PbB was, in most cases, rapid soon
, .1 end of exposure, but later on it was slower (figure

OitTO was generally a good fit of the observed PbB
»a* of the three compartment models tested (tables
r.d 2). However, one subject (number 122) (table

; i\playcd pronounced irregulari t ies in the elimina-
\ i pa t t e rn , which rendered serious suspicion of oc-
) ~»*ial. ongoing exposure. In addition the lack of

S data dur ing the first 94 d after (he stated end of
•osure probably contributed to the bad fit to any
•U models tested. He has thus been disregarded in

• following results. Another ex-lead worker (number
n»as excluded because of suspected lead exposure

.,x>| the first month of the supposedly exposure-free
ond ( r i s ing PbB). Furthermore, before the second
><nation period (from year 7 on), his PbB had
; Trascd to very close to the background level, and
' T'.;(2) was determined merely from the observa-
•-a made during the first year. No conclusions as
'*dt the kinetics of a slow compartment seem to
• wtificd in th i s case.
'x most of the ex-lead workers, the number of ob-

»:ions dur ing the first period after the end of ex-
•• te was too few (less than four per two months)
•to* reasonably accurate estimates of the decay rate
^tfast compartment. Thus, for all but three (num-

'A 'K, 103, and 123), an approximate half-time of
!'*u compartment [T'/i(l)] of 30 d was employed.
•J'Jif following text.)

The t i t o f t he t w o - c o m p a r ' . n i e n t mode! ( m e d i a n
97 To, range 35—99 To) was cons ide rab ly and s i g n i f i -
cant ly (P<0.0001. Wi lcoxon) be t te r t h a n t h a t o f t he
one-compartment model (median 86 ""o) ( tab les 1 and
2). The fit of the three-compartment model was similar
(medians 97 versus 97 %) ((Me I), though s i g n i f i c a n t l y
(P<0.01, Wilcoxon) better .

When the three-compartment model was employed,
the median of Y ( l ) was 0.6 (range 0.0—2.3) ^mol / i ,
that of Y(2) was 1.4 (range 0.0—2.5) ^mol/1, that of
T'/i(2) was 3.7 (range 0.3—16) years, tha t of Y (3) was
0.3 (range 0.0—2.6) /imol/1, and that of T'/:(3) was
> 100 (range 4.9—00) years.

In the following presentation, only the simplest mod-
el with a good fit , ie, the two-compartment one, wil l
be discussed.

With the use of the two-compartment model, the
decay rate in the remaining 21 ex-lead workers (table
1) had a median biological ha l f - t ime of the slow com-
partment (T'/2(2)] of 5.6 years during a median post-
exposure period of 13 years. There was a considerable
range for T'/i(2). ie, 2.3—27 years (table 1).

The data were sufficient for an estimate of the half-
time of the fast compartment in three of the ex-lead

Subject 104

1000 2000 3000 4000 5000

Time after end of exposure (<f>

PbB (ymol/l) PbB (umol/l)

Subject 103
5-

Tuj(1).39d

0.5

0.2-I

Subject 1 17

Tu/2).18y

10OO 2000 1000 2000

Time alter end of exposure (d)
Flgura 1. Decline of the blood lead level (PbB, logarithmic) after
the end of exposure for three ex-lead workers. A two-
compartment model was fitted to the data. Both compartments
and their biological half-limes (Ttt) are indicated. For subjects
104 and 117, the half-time of the fast compartment [T Vi(l)j was
assumed to be 30 d. (y = years)
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Table 1. Kinetics of the decrease ol lead in mood (PbB) alter the end of me occupational exposure of 23 ex-lead workers observed for <•••».
one year. |R' = degree of explanation. TW1| = half-time ol fast compartment, TVi(2) = half-lime of slow compartment, 95 'It CI=9S •',««»,
interval, Y(1) = Y intercept tor the fast compartment, and Y(2) = Y intercept lor th« slow compartment)

Sub- Age. E«P°»"'«

'«" "—— ' (yea1/,,

101' 44
102 60
103 49
104 54
105 41
108 48
107 54
108 30
109 59
110 56
111 65
112 51
113 66
114 31
115 63
116 67
117« 59
118 58
119 65
120 65
121 65
122 61
123 65

• Number 101

4.5
5

10
35

3
8

34
7

27
26
45
33
44

4 -
45
10
27
22
30
33
14
24
38

First
PbB

O-molll)

1 8
4 2
5 9
2.7
30
2.9
3.3
3.7
2.6
38
3.3
3.2
3.0
2.4
2.2
4 3
2.0
1.9
2 8
2 3
18
1.8*
2.0

Obser-
vation
lime

(years)

2 9
150
5.1

13.0
12.9
12.9
13.0
12.9
12.9
12.9
12.8
12.8
11.2
10.4
9.4

13.2
4.2
4 9
4.6
4 6
4.3
3.6
1.7

One
Number compart-

Of menl
sam- moael

pies

5
39
40
11
10
12
13
12
12
12
12
10
9
8
6
9

14
•o
13
M
17
12
12

was a cast bronze founder, number 102

?'( '•)

68
87
68
87
38
91
94
91
79
51
96
95
96
98
96
32
31
78
36
64
78
9

27

Twc-compartment model t**

Fast compartment

TVi(1) 95 % Cl
Id)

30"
29 21-47
39 33-47
30«
30"
30"
30"
30»
30"
30"
30"
30"
30"
30"
30"
30"
30"
30"
30"
30"
30*
30"
7 2-«

a spray painter, numbers 103-

C.mol/1)

0.0
1.4
3.0
1.4
08
10
1.1
12
1.0
1.7
10
0.5
0.5
0.2
0.3
1.4
0.1
0.4
08
0.6
0.4
4.8
0.3

-USstor*

Slow compartment ••»

(years

37
8 4
4 2
23
56
4 6
35
4 6
5.1
7.6
9 4
58
56
08
39
8 7

18
65
4 7
95
43

00
27

95 % Cl

20-27
76-95
3.4-57
09-.
43-82
42-5.1
28—4.7
42-5.2
45-58
6.7-88
79-115
50-6.9
4 7-6.8
05-2.5
3.3-4.8
6.7—12.4
81—0.0
43-138
4 0—5.8
62-21.3
33—6.4
0. — .

5.5-c.

Y(2)
Oimol/l)

1.9
2.6
22
0.7
1.9
16
20
22
1.2
18
2.0 '
2 3
2.3
2.0
16
2.5
16
1.2
1.8
13
1.0
14
1.5

r.) —— "
IS

68
97
98
95
94
99
98
99 t*
99
99 t»
97
98
98
98
99
97
35
91
98
89
92
0 «!

50 V

a wirekua**
and numbers 117—123 smeltery workers.

1 At the end of exposure.
Numbers iQl and 117 are identical with numbers 201 and 217. respectively, m table 2.

1 When fewer than (our samples were obtained during the Itrst two months after the end of exposure, the TVif l) was assumed to b« JO *
' Sample obtained 94 d alter the end of exposure.

Tabl* 2. Kinetics ol the decrease of the blood lead |Pb6) levels during a temporary cessation of occupational exposure among 17 lead •""' '
observed lor less than one year and among two volunteers who had a short, heavy exposure. (R> = degree ol explanation. TW(i| = naM •lime"'* f
I asl compartment, T V»(2I s half lime of Ihe slow compartment, 95 % Cl = 95 •/. conlidenc* interval, Y(1) = Y intercept lor the fast companmeni. ' J • •' ,
intercept for the slow compartment! '

—— — — • *

Sub-
ject-

201«
202
203«

204
205
208
207
208-

209
210
211
212
213
214
215
216
217«

318
319

Age"
(years)

43
59
59
80
53 -
38
60
52
28
29
48
58
59
49
51
40
50
29
59
33
37

Expo-
sure
lime

(years)

3
23
22
23
22
14
5.5

29
3.5
4.0
7.5
3.5

13
10
1.5
1.0
1.0
0.3

26
00001
00001

First
PbB

O.mol/1)

6.7
4.5
4 2
5.4
4.0
3.9
3.0
30
3.4
3.2
3.5
39
2.8
35
3.0-
35
33
35
30

2.1
23

Obser-
valion
time
(d)

189
209
172
118
239
48

112
218
114
115
171
160
15S
238
120
15S

. 147
83

111
215
500

Number
of

sam-
ples

20
12
10
14
12
7

11
12
10
11
11
11
12
13
10
12
9

11
9

12
13

On*
compart-

ment
model

R»

87
87
94
98
88
89
92
73
94
94
78
92
54
59
87
97
84
97
98
94
97

Two-compartment model _ f

Fast compartment

TVj(1) 95 % Cl
(d)

26
43
69
49
37
14
28
63
34
24
13
47
8
7

20
50
24
42
63
27
44

21-35
25-147
38-337
38-75
25-74

7 — «
18-61
20-0.
24-55
18— 36
8-38

26-139
5-18
5-10

14—34
38-75
19-35
24-171
31-.

17-82
32-71

(/imol/1)

3.6
12
2.1
2 8
1.3
12
1.1
0.5
1.5
1.2
1.3
1.5
06
08 '
19
20
14
2.4
1.5
1.4
17

Slow com- j
partmenl' * 1

Y(2) i

2.6 ' '
2.7 1
1.9
2.3
2.2
11
1.5
2.0
1.7
1.6
1.8
18
19
2.4
16
1.0
Y.I

i
_

j

0.9

0.1 "
O.I _^^_~- -

80

60

4O

20

1 Number 201 waa a cast bronze founder, numbers 202—205 demolition workers, numbers 206—217 jmellery workers, and numbers 3«-
unleers

> At 1h* end of exposure.
TVi(2) Is assumed to be 5 years.

1 Numbers 201 and 217 are identical to numbers 101 and 117, respectively, in lade 1.
' Two subiects were studied twice. In the statistical calculations, the decay pattern with in* best lit was ut*d.

Sample obtained 15 d alter the end ol exposure

""•-••(* |
'""lent t
'*'» alt

.
J (Cir<*»•'» Mm*
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tvrs 102. 103, and 123) ( table I) and in PbB ( u m o l / l )

9-
f.

-•.ni.ll>.'

(flU!"
x, r ;,nlv removal lead workers (table 2). The

''fil,ii period in llie la t te r group was too short
' ' r uc est imation of the half- t ime of the slow
N- -it [T'/:(2)|. Thus, in the calculation of
I'M ihese subjects, an approximate T'/j(2) of
i^-v the preceding text) was used as being the

The median T'/:(!) for the 20 subjects
,r median observation time was 155 d.

•• •'_J ' 0|--p/:(I) was considerable (7—63 d) (table
•- u'ut,,v.,-is 2U3 and 208, the T'/:(l) with the best

' j jnJ 24 d, respectively, being used. The decay
•* j,|, (he shortest and next longest T'/2(l),

J wdy. arc snown m f'8ure 2.
•**" in (wo subjects (numbers 203 and 208) (ta-

,hc decay pattern was studied during two pe-
• "' / t fmporary removal from exposure, 0.5 and
•* ^ apart, the decline rates of PbD were com-

"•vi»o formerly occupationally unexposed subjects
f.-d) of 27 and 44 d (table 2).

"-. Y intercept of the fast compartment (Y(I)] had
^junof 0.8 (range 0.0—3.0) umol/l for the 21 ex-

< «orU'rs (table 1), and 1.3 (range 0.5—3.6)jimol/l
•jse 17 temporari ly removed ones ( table 2). The dif-
'•<x* »ai> 1>ia tis t 'ca"y signif icant (P = 0.007, Mann-

:v V intercept of the slow compartment [Y(2)l had
^jun of 1.8 (range 0.7—2.6) ;<mol/l for the 21 ex-
.j ..nker* (table 1) and a median of 1.8 (range 0.9—
• ,mol''l for the 17 workers temporarily removed
«i exposure (table 2). The groups were, of course,
( u f n i i i e a n t l y different . For both of the two oc-
.v.iunally unexposed subjects, Y(2) was 0.1 »imol/l.
}j» the 21 ex-lead workers, Y(2) made up for a
«im of 68 (range 33—100) % of the combined com-
g*swnts |Y(1) plus Y(2)], whereas for the workers

3-

2-

1 •

Subject 2 1 2

Ti/2(2) =

Jl/2(1)=7d
\

4-

3-

2 -

1 •

Subject 217

\ Tv?(2) =

\
\

\
05-.

0
\

50 100 150 200
Time alter end of exposure (d)

250

Figure 2. Decline ol the blcod lead level (PbB. logarithmic)
in two lead workers temporarily removed from exposure A two-
compartment model with a biological half-time |T Vj) of 5 years
for the slow compartment was fitted to the data. Both compart-
ments and their half-times are indicated (From subject 217,
the first blood sample was taken 6 d after the end of exposure.)
(y = years)

SO

60

4O

20

o ••

10 2O~ 3D
Y(1) intercept (jjmot/l)

4JO

««t i Relationship between the half-time |Ttt(1)| and the
ttrcept (Y(1)| of the fast compartment In a two-

*omment model fitted to the decline of the blood lead
"**ien after the end of exposure. Closed circles and open
**ti denote lead workers and volunteers, respectively, in
** 1. open circles and triangles denote ex-lead workers In
«"• i (Circles = subjects studied up to 5 years, triangle* a
**et» studied more than 5 years)

20

15.

10.

5.

0-
30 40 SO 60 70

Age(y>
Figure 4. Relationship between age and the half-time of the
slow compartment (TV>(2)\ in a two-compartment model fitted
to the decline of blood lead levels after the end of exposure.
Symbols as in figure 3. (y = years)
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Figure 6. Relationship between the lead level in finger bone
(Bone Pb) and trie Y intercept of the slow compartment | Y(2)| in
a two-compartment model filled to the decline of blood lead
(PbB) alter the end of exposure. Symbols as in figure 3. Sub-
jects 101 and 117 are identical with 201 and 217, respectively.
Not*: The "Y(2)" values are not the same as in tables 1 and
2. as they have been recalculated to the time ol the first bone
lead determination. The symbols in the shaded area represent
bone lead levels below the detection limit (20 *g/g).

temporarily removed from exposure it was 57 (rj^
27 — 80) Vo. The difference was statistically signify
(P = 0.02, Mann-Whitney). For all the lead »o«U
the median was 65 %, while the fractions wcreit
7 % for the two occupationally uncxposcd subje:

T'/s(l) correlated significantly with Y(l)(r,,»0i
P = 0.03) (figure 3), but not with age, timeofcxrw^
initial PbB, Y(2), or the serum creatinine lc\eU.t<
five out of the 20 subjects with an individually «
mated T'/2(l), the linear regression line for T'/:(Un*

95 % confidence interval of T'/!(l). This result ihow
that there was a statistically significant (P=0.0»
binomial test) interindividual variation for T!*(Il

The T'/:(2) of the ex-lead workers correlated n
nificantly with age (rs = 0.50, P = 0.01) (figure •!).»:
not with exposure time, observation time, initial \V
Y(l), Y(2), or the scrum creatinine levels. In 10*
of the 21 subjects, the linear regression line lor T'r'o.
upon age [T'/2<2) = 0.15 xage- 1.7] did not «•
through the confidence interval of T'/i(2). ThUf*.
ing showed that there was an imcrindividual \iriK*
for T'/i (2) (P< 0.0001).

When Y(2). for all 38 lead workers and the mow*
posed subjects, was plotted against exposure ti*
(figure 5), there was no significant nonparanicirv ^
sociation. Neither was there any linear corrtuu»»
However, when an exponential accumulation cv-
was fitted to the data, there was a reasonat<<
(R: = 49 %, P<O.OOI). The elimination coniUfii *-
1.2, corresponding to a half-time of 0.6 years. anJH
leveled off at 1.8 ̂ mol/l.

Moreover, there was a tendency for the worker* >&
porarily removed from exposure to have a hiuhci V-.
at a particular exposure time than the ex-lead \Mvlr-
However, the difference was not statistically Mgnifo"
in the multiple regression analysis. Neither did !(*•'*
servation time display any significant association •
Y(2).

For the 35 lead workers and the two unexposw *•'_
jccts, there was a significant correlation between i«»
and bone lead content (rs = 0.36, P = 0.01) (fisu« *'
Multiple linear regression analysis displayed that it*"1

was an increase in Y(2) of 0.008 /imol/l P«r ••' ' "
bone-Pb(P = 0.005). Furthermore, the tempof-"'1^
moved workers had a Y(2) that, on the averaf*. "
1 .0 fimoi/l higher than that of the ex-lead w°r.kflV,yj,
finding was also obvious from the decrease in ' '•
0.09 (imol/l per year of the postexposureobsirr>»^
time (P<0.0001). Among the active worker*. '•
seemed to be a leveling off of Y(2) when the bone ^»
content increased. There was no such clear com'*!*1'
ing tendency among the retired workers.

Discussion
A multiple exponential model fitted well theoVO* .^
tern of PbB. However, there are other possibilH
power functions. Indeed, data indicating a no
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HI be tween tnc-' air 'cnc' ' c < l C ' nntl ^bR '<-'=• m re"
'.,, 0 \2. 13. 19) . between Phi! and plasma lead (20,

.'.PI and between PbB and the lead level in urine
". |', <6, 67) could fuvor i he choice of a nonlinear

1.1 However, e l imina t ion rates s imi la r to ours have
V , ' reported ear l ie r , both for subjects far less (11 ,

c.i uid far more (14, 46) exposed. In addition there
, i nd i ca t i on in [he present data that the climina-

JKS were faster in subjects w i t h a high in i t i a l PbB;
,.ul i he T '• : ( ' ) increased wi th increasing Y( l ) . Thus
, nre at present no serious objections against the

I a mul t ip le exponential model, at least not in the
'Tg t-cncentration range that we have studied.

for a few subjects, the fit was not as good. For five
is (he K: was <80 %, and for one of them it

0 ••„. This resul t may be due to the fact that , in
V-lv subjects, the PbB was low during a major part

'•>!< observation period and tha t thus the analytical
, ^ had a great impact.

- ^ r e l e v a n t to consider whether the number of com-
,'.,- -His is two. Different authors have proposed one

-"• *si. iwo ( 1 , 7 , 63. 64), three (4, 33, 43, 53, 66),
. (|- 23. 44, 45, 60), and even five (6) compart-
..., in human metabolic models. The simplest mod-
-j; cr.i.1 a good fit in the present study was the two-

,-/\jrtmeni one. Thus there was no reason to choose
-^f-oomplicatcd model. Of course, from a theo-

,tj point ol v iew, a larger number of compartmcnis
,,-Kiblc. Thus data from the two subjects exposed

i. :o a Mi ic l c heavy lead dose may indicate an initial
ii,i decay of PbB (56). For most of the subjects

•: present study, such a phenomenon would have
- »iwd undetected. There was probably a continuous

.ption of lead from the lungs and gastrointestinal
, • \M some lime a l ter the end of exposure. (Set the
. .wmc discussion.) In addition the early obscrva-
„. »«c few. However, for the two subjects (num-

W and 216) from whom frequent observations
• .ujJc dicing the first few days after the end of
iiirc. the data did not indicate any rapid init ial

- :ne. Moreover, in addition to the relatively small
.•..•« ol observations, the limited observation period
. V ana ly t ica l method error may obscure other
i.vt/tmcnts, especially small or very slow ones. In-

1 -. VKTIC observations in the present s tudy may in-
! -ft'.tM the slow compartment really has more than

•• irmponcnt. (See the following discussion.)
' ^Nruo f the body which constitute the twocom-
•vn:\ must also be considered. The only organ

• mnt lead amounts sufficiently large to cover the
; •> .irrahlc excretion associated with, the decay of the
I » i-mpartmem [on the order of 0.05—0.1 mg/24 h
1 - "t only, for several years (60)) is the skeleton,
i -Kwiiaini hundreds of milligrams (1, 15, 16,39,
| '"* identity between the slow compartment and

»-l«j| pool is also strongly supported by the as-
'**» between Y(2) and the bone lead content. The

. including the lung, contain only a few mil-
, 59), an amount which fits wi th the excre-

t i on d u r i n g t h e e m p t y i n g o f : h e fas t c o m p a r t m e n t .
The median h a l l - t i m e of the fast c o m p a r t m e n t was

about one month . There may be errors tha t affect th is
estimate. I t is d i f f i c u l t to be abso lu t e ly sure t h a t the
exposure did stop totally at a fixed date; some exposure
may have cont inued af ter i l ie fo rmal end of exposure.
For example, for the t empora r i ly removed smel te ry
workers, the worksi te a f t e r removal was located only
a few hundred meters from the plant . Also, the homes
of the workers may have been contaminated. In addi-
t ion, a worker may have a pool of lead in the lungs
and the gastrointest inal tract and thus cont inue to ab-
sorb lead for some t ime a f t e r lead inhalat ion and in-
gestion have ceased. The l imi t ed data on hand — fre-
quent measurements of two subjects — may indicate
such an absorption, but mainly up to one week af ter
the end of exposure, which is in accordance with ear-
lier observations (9, 12, 13, 31, 32). This delayed ab-
sorption is probably the reason of the present weak
positive correlation between T'/:(l) and Y ( l ) . These
possible sources of error all tend to give a somewhat
too long an estimate as compared to the t rue half-t ime.
Furthermore, the workers temporar i ly removed from
exposure were not randomly selected. They were re-
moved from exposure because of high PbB levels, and
this occurrence might par t ly be the result of a slow
elimination rate in those particular individuals. An-
other possible explanation of the s l ight positive as-
sociation between T'/i(l) and Y ( l ) is a bias introduced
by the disregarding of possible intermediate compart-
ments.

PbB is mainly present in the red cells. It could thus
be suspected that the lifetime of these cells would
determine the TVj ( l ) . However, the calculated T'/;(l)
is considerably shorter than would be expected i f l ead
were eliminated from blood only at the normal death
of these cells. But lead is known to cause hemolysis,
and the question can be raised of whether it could have
affected the T'/i(l). Hardly, at least not considerably,
as there was no correlation between T'/:(l) and the
ini t ial PbB. A negative correlation would be expected
if hemolysis were important. For the lead workers tem-
porarily removed from exposure, we had to employ an
estimated T'/i(2) of five years. However, this proce-
dure did not affect the T' / j ( l ) ; even a T'/i(2) as short
as one year, or as long as 10 years, would cause only
slight changes in the T'/ifl) .

Having taken these possible errors into considera-
tion, we st i l l find it f u l l y justified to conclude that the
average T'/Hl) is about one month. This assumption
is also compatible with various kinds of earlier data
on the elimination (1, 11 — 14, 20, 27—29, 36, 37, 40,
46, 50, 53, 54, 56, 65), if a second, slow compartment
is taken into consideration, and on the accumulation
(5, 24, 27, 28, 37, 38, 48, 65, 67) of PbB.

There was a considerable interindividual variation
in T'/j(l). To some degree this occurrence may be ex-
plained by various errors in the estimates of individual
decay curves. Thus the two subjects studied twice had
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• u l a r (or c a n c t f l l o u s ) bone pool may be more im-
i n") Rut, in nddition. in the a c t i v e workers,

v-i i.i" *"
M i ; iv also be affected by a small , i n t e r m e d i a t e l y

' vol. perhaps contained mainly in the liver, the
', .vs 110, 59). and the skeleton (an even faster pool

ilie trabccular one). Wh;n the data of subject 103
• ure 1 is closely examined, one may, in fact, an-

„ lie more than one component in the slow com-
., iiiient.

rv impact ol orSans other than the skeleton on Y(2)
be indicated by the accumulation pattern of Y(2)

\ increasing exposure time. A steady state was
tied already within a couple of years. This period

• j<tcr than '" trabecular bone (57); the turnover of
•u'jl bone is much slower (IS, 61). The accumula-
•i luttern may also be affected by the nonlinear bc-

\lor of lead in erythrocytcs (19, 40, 43). This
..-..-nomcnon may also be the cause of the apparent
,.-lmg off °f ^(2) upon lead in finger bone in active
•U'rs (but not in the retired ones, who had lower

•3 levels).
There was a considerable interindividual variation
\ ( ' )at a particular exposure time. One obvious ex-
-jtion is variations in the intensity of exposure. An

• '.:u>nal explanation may be the interindividual var-
0!n in lead metabolism seen in this study, as well

.'. ,n earlier ones (8, 32, 60).
;he variation in the kinetics of lead metabolism

..•ulJ mean a considerably varying risk for different
Mjiiak exposed at the sar.ie level, which, of course,

.-poriant from a practical point of view. A short
ill, as the result of a rapid excretion, is probably
^vantage for the worker. On the contrary, a long
ill may be good, as it means that the net cndoge-

., exposure from the skeleton is low.
j many countries, lead workers are removed from

jc\posurc when they reach a PbU "trigger level"
.•^ma! level"; in Sweden at present 3.0 /imol/l),
.•they are not allowed to return until the PbB con-
:.-ition has decreased to a "safe level" ("return
•T;2.0|imol/l). In our "typical" lead worker, who
Jn V(2)of 1.8 fimol/1 and a T'/-(l) of one month,
. process will take as much as about six months.

. »orr, newly employed workers, who have a small
i :>. would display (he same decay in less than a

»«ih. On the other hand, as many as 57 °7o (24 of
I .-f our workers had a Y(2) of more than 1.7^mol/l.

I * .'.S< assumption of a "background" level of 0.3
:-•«', (hey would reach 2.0 pmol/1 only after a suf-

! 'ssly long time had elapsed to affect the slow com-
•'«cm. In the workers who were followed for a long
*. JO ro (7 of 23) would require-more than a year
™h the "safe level." These assumptions are in

-Tihncc with observations of workers removed
« nposure (49).
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